To model the shock-induced behavior of 
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Portions of this document may be illegible in electronic image products. Images are produced from the best available original document. materials, including explosives and propellants, has been experimentally and theoretically studied to provide a foundation for simulation in multidimensional analyses. This multiphase model has been recently incorporated into the Sandia National Laboratories shock physics code -CTH3. The interaction of rapid combustion with deformable confinement is a critical aspect of sustained accelerated combustion; thus, simulation of real systems requires the capability of resolving multidimensional, multi-material large deformation, strong shock wave physics.
In the sections to follow, the mixture formulation is outlined and the numerical implementation of this model into the CTH shock physics code is described. One and twodimensional calculations are presented which provide a benchmark for the nonequilibrium mixture theory.
THEORETICAL FOUNDATIONS
The equations of motion for a multiphase mixture are outlined in this section and recast to a finite volume formulation for shock physics analyses. The full derivation of this description is not repeated here (see Reference 1); hence, only the final forms of the conservation laws are described.
Mixture theory is based on the concept that separate phases simultaneously occupy regions of space. Thus, a multiphase material possesses independent thermodynamic and kinematic fields.
Multiple balance laws are used to describe a locally averaged thermal, mechanical and chemical response of a collection of condensed phases or gas-filled pores. In contrast to single phase continuum mechanics, a mixture average for a multiphase flow includes the effects of internal boundaries (or phase interfaces) across which the interchange of mass, momentum and energy takes place. These important micro-scale models are the new features of the multiphase description in the shock physics code,' CTH.
Modem developments of continuum mixture theory provide the framework for a thermodynamically-consistent description of nonequilibrium processes of fully-compressible reactive mixtures. A unique feature of this approach is the treatment of volume fraction as an independent kinematic variable allowing compressibility of all phases without any compromise on compaction behavior. Specifically, the theory of reactive mixtures firmly establishes balance equations using the Second Law of Thermodynamics in the determination of admissable constitutive relationships for a system of multiphase equations that are well-posed4.
As a brief introduction to mixture theory, consider a region in space that is occupied by two phases (denoted by subscript a) -condensed (subscript s) and gas (subscript g). At some appropriate scale, each phase is viewed as occupying every spatial location in the field. Physically, this is not the case since each phase occupies a volume distinct from the other. Thus, to represent the discrete nature of the mixture, each phase is assigned independent thermodynamic and kinematic states. At each point a phase material density, y,(x,t), is defined which represents the mass per unit volume occupied by each phase and the space displaced by that phase is the volume fraction, qa(x,t). (Volume fraction is a relative fraction of space occupied by material regardless of material type -the fraction of space treated as void is excluded.) Of the fraction of space occupied by the mixture, saturation implies that E+ and the density of the local mixture is the sum of partial densities, p = c p , where pa = y,Q,.
In generalized mixture theory, each phase is allowed to have independent velocities, B, = GU (x, t) , and the conservation equations for each phase are expressed as:
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By definition, the Lagrangian material derivative is given as: fa = df/dt + 8, . vf . In these conservation equations, cut is the mass exchange between phases due to chemical reaction, hu is the external body force, T %~ is the momentum exchange resulting from the forces acting on phase boundaries, ea is the internal energy of each phase, ra is the external energy source, and eaTincludes the energy exchange due to heat transfer and the irreversible work done at phase boundaries. The symmetric stress tensor, q,, is expressed in terms of the phase pressure, (6) where the overdot denotes the mixture material derivative. By definition, the mixture velocity is the barycentric (mass-averaged) velocity defined as: and the phase diffusion velocity (discussed later in this section) is given as ha = B, -a.
In considering two phases, the restrictions from the Second Law of Thermodynamics suggest admissable forms of phase interaction. For the sake of brevity, the algebraic manipulation will not be repeated here (see Reference 1) and the final forms of these interactions are given as follows:
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where the interfacial velocity is defined as, ti = (6, + $g) /2, the interfacial surface stress is pi = p , , the interfacial total energy is ei = es and the dissipative compaction work is defined as:
. Having established the general equations of motion for a two-phase description, the model equations are recast into a form consistent with the shock physics modeling in CTH. To recast the equations of motion into integral form, a Lagrangian material derivative is defined as:
f;. dA . Following algebraic manipulation,
, for the gas phase mass conservation, is rewritten as:
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Simply stated, this equation expresses that the time rate of change of gas mass equals the rate of mass generation as the solid phase decomposes to a gas minus the diffusion of gas mass in or out of the mixture-averaged volume.
In a similar transformation, the gas momentum conservation equation is recast into the following integral form:
This equation shows that the rate of change of gas momentum is balanced by the pressure forces, body forces, interphase momentum exchange (such as drag) with the last term corresponding to the diffusion of momentum in or out of the mixture-averaged volume.
For gas energy conservation, it is convenient to resolve the total gas energy, E = e + (6 . Pg) /2 , and the integral balance equation for gas phase energy is given as:
In the above balance laws for gas phase momentum and energy, the stress matrix has been simplified to the form: qg = -QgpgL, and the energy source includes the body forces: Sg = 9,. p & + pgrg. This integral equation states that the rate of change of gas energy (including gas phase kinetic energy) is balanced by the work done by the gas pressure forces, the diffusion of gas energy in or out of the mixture-averaged volume and the volumetric energy gain (or loss) due to sources and the interphase exchange of energy occurring at phase boundaries.
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To transform Equation 10 into appropriate integral form, it is convenient to resolve the solid After some phase material density field using the solid phase mass conservation equation. algebraic manipulation, this field equation is given as:
In general, additional rate equations of the form: afa/at + bu . Vfa = p a transform to an integral equation using the phase mass conservation equation (1) yielding:
All of the details to the combustion description, momentum and energy phase interaction and additional heat transfer relationships are given in References 1 and 2. For a two-phase mixture, the velocity components for only one phase and the mixture average need to be resolved. Thus, if the gas phase and mixture averaged velocities are known, then the solid phase velocity is given as and the solid phase diffusion velocity is determined by
.
NUMERICAL IMPLEMENTATION
The shock physics code, CTH, is a multi-material, multi-dimensional Eulerian finite volume code which serves as the platform for implementing the reactive multiphase mixture model. Details of the base code and its material models are not given here and the interested reader is referred to References 5 and 6 for such information.
The current version of CTH uses an Eulerian mesh which is fixed in space. Mixture-averaged conservation equations, in finite volume form, are solved in a Lagrangian step, and distorted cells are remapped back to a fixed mesh. In addition to overall conservation equations, internal state variables are solved using various material models7.
In this mixture theory, it is important to note that the overall mixture quantities are never modified; thus, conservation of mass, momentum and energy for the total system are preserved.
Mixture rules dictate how these quantities are proportioned for the various phases. Additionally, the local flow velocity is recognized as being a mass-averaged quantity.
The phase conservation equations, given by Equations 11-15, have a common mathematical structure. All of these equations have source and phase diffusion terms. The phase diffusion terms represent advection in or out of the cells following phase diffusion velocity fields. Incorporating these effects is performed using operator splitting whereby all phase quantities are diffused in or out of cells, then the phase quantities are allowed to interact during the Lagrangian step. The methodology of this approach is based on earlier work described in Reference 8.
During the transport step, a Flux-Corrected Transport (FCT)' method is used to incorporate phase diffusion effects and internal boundary conditions are implemented with a variant of virtual cell embedding (VCE)". This positivity-preserving high order algorithm does not introduce artificial smearing at material interfaces. It is to noted that €or shocked flows, phase diffusion quantities are usually weak and only of importance in extreme gradient regions.
Typical of multiphase simulation, the interactions of phases occur with greatly disparate time-scales, and thus sources are mathematically stiff. Since explicit time differencing (even with subcycling) is inaccurate, an algorithm based on asymptotic semi-analytical solutions is used for the phase interactions". As expected, the internal state variables related to the local volume fractions must be accurately resolved to preserve consistency of the numerical solutions.
Following the Lagrangian step, the volume fractions for the single mixed phase material are mapped into a single field which are then passed into the remap step. These quantities are subsequently reassembled for equation of state evaluation for the next time step. Sound speed constraints are brought into place for evaluation of Courant conditions.
In the next section, a benchmark numerical solution is discussed in which shock-induced reaction occurs in a porous propellant bed. Although phase diffusion effects are minor in this application, strong phase interactions occur. As such, this example provides a good test problem for the proposed numerical strategy.
LOW VELOCITY IMPACT SIMULATIONS
One-dimensional studies -A one-dimensional benchmark simulation of a pis ton-driven, low velocity impact on a porous bed of energetic material has been conducted which replicates conditions in an experiment studied by Sandusky, et all2. A pictorial of this experiment is shown in Figure 1 . A gas-driven piston impacts on a bed of nitrocellulose-nitrogylcerine (NC/NG)-based ball propellant confined in a cylindrical tube geometry.
In these tests, a compaction wave is produced after initial impact and high strain rate at the compaction front triggers low-level reactivity. This unstable process leads to rapid combustion and the formation of a fast deflagration wave and shock formation. The interactions of compaction and multi-stage combustion are clearly complex wave processes.
In the experimental studies by Sandusky and colleagues, numerous diagnostics were used to resolve various wave features13. Most importantly, the compaction wave fiont was probed using microwave interferometry and pressure gauges to determine various wave fields. Figure 2 displays the trajectory of the compaction wave, following a 190 m / s piston impact, measured using microwave interferometry. It is to be noted that an abrupt change in wave speed was observed well removed from the pistodpropellant interface. Numerical simulation shows a dispersive compaction wave originating from the pistodbed interface that moves at a velocity consistent with the experimental observation.
As a result of high strain rate at the dispersive compaction front, low level of reactivity occurs whereby pyrolysis (or partially decomposed) combustion products are formed in the induction zone. After approximately 100 p s delay, energy release in the gas phase takes place as the pyrolysis products are converted to final stage combustion gases. A secondary compaction wave is formed and is supported by this reaction. When heat transfer conditions are sufficient to trigger grain burning, very rapid pressurization occurs. Eventually, the combustion wave coalesces with the primary compaction wave and an apparent abrupt change in wave speed occurs. Details of the pressurization field are provided in Figure 5 .
As a demonstration of the importance of treating pressure nonequilibrium, Figure 6 displays only the gas phase component of the principle stress. In the early stages of reaction, greatly disparate pressure fields evolve. Much of the initial stress of the primary compaction wave is supported by the motion of the solid reactant material; later, it is the gas phase pressure which leads to a secondary combustion-driven reactive compaction wave.
In Figures 7 and 8 , the temperature fields are shown for the gas and solid phases, respectively. As expected, greatly different temperatures arise because much of the energy release takes place in the gas phase. The effects of multi-stage combustion are clearly evident. In Figure   8 , it is seen that the solid phase undergoes weak compressional heating following initial impact and later gas phase pressurization enhances heat transfer from the combustion gases to the solid phase.
Additional compressional heating takes place as the supported secondary compaction wave strengthens to a shock wave. Future work is planned to simulate these low velocity experiments for a granular bed of HMX explosive. Additionally, statistical crack fracture models are being incorporated into CTH and the reactive multiphase mixture model will be coupled to address simulation of delayed detonation. Mixture theory is also being formulated to treat more than two phases and will be incorporated as an extension for multiphase predictive capabilities. 
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SUMMARY
A nonequilibrium multiphase mixture model is described in this paper which has been implemented into shock physics analysis. The effects of strong phase interaction including combustion, momentum and energy exchange are treated by allowing mixed phases to have relative velocities and independent thermal and stress fields. An operator splitting method is described for the numerical implementation of this model.
Preliminary benchmarks of this mixture approach have addressed low-velocity impact experiments in one and two-dimensional simulations. All of the observed reactive wave behavior are replicated in the modeling. Multidimensional simulation can serve as an important numerical diagnostic for probing the nature of the complex wave fields in reactive granular materials. Future work is aimed toward using this tool with experimental studies of energetic material response to enhance predictive capabilities for weapon safety and surety assessment.
